1. Introduction {#s0005}
===============

1.1. Clinical Aspect {#s0010}
--------------------

Large volume bony defects resulting from traumatic incidents, congenital abnormalities, infection, or cancer resections represent a great challenge for orthopedic, craniomaxillofacial, and reconstructive surgeons. Ideally, functional reconstruction of bone defects requires the available bone grafts to possess mechanical strength, microstructure, and function as similar to native bone tissue as possible. This allows full integration with the neighboring host bone and, importantly, the performance of the functions of native bone tissue. Thus, an ideal functional bone graft should possess the following characteristics: high osteoinductive and angiogenic potentials, biological safety, low donor-site morbidity, no size restrictions, readily accessible to surgeons, long shelf life, and reasonable cost. Although numerous strategies have been used for bone defect reconstruction, none of the currently available bone substitutes have all of the ideal characteristics.

1.2. Current Approaches for Large Bone Defect Treatment {#s0015}
-------------------------------------------------------

The currently available approaches for bone defect reconstruction, including bone transport methods, biomaterial implantation, and bone grafting, all have specific indications and limitations. According to the requirements of functional bone defect reconstruction, autologous bone grafting is the gold standard for large bone defect treatment because this graft contains the cell types, matrix, and vasculature necessary for proper bone regrowth in the injured area. However, the difficulties associated with these grafts such as additional host morbidity, donor site shortages, and high infection risk, limit their clinical application. An alternative solution is processed allogenic and xenogenic bone grafts. Although all the living cells are destroyed during graft processing and storage, these grafts remain associated with the risks of immunoreactions, disease transmission, and poor osteoconduction capacity. Other techniques, including distraction osteogenesis, bone marrow aspirate, and growth factors, are commonly used in experimental and clinical conditions for bone defect reconstruction. These methods are associated with several disadvantages, including the limited osseointegration and revascularization of large bone grafts. Therefore, these problems have resulted in increased interest in improving functional bone graft solutions for better patient outcomes.

1.3. Standard Approach and Limitations of Bone Tissue Engineering (BTE) {#s0020}
-----------------------------------------------------------------------

With the progress of new technologies, regeneration of bone tissue following tissue engineering principles now represents another strategy for bone defect reconstruction. BTE aims to regenerate new, cell-driven bony tissue with hierarchical organization and anatomical function similar to naturally occurring bone tissue. This approach requires the collaborative efforts of scientists, engineers, and surgeons. BTE strategies have relied on two approaches: *in vitro* or *in vivo* tissue engineering. The *in vitro* BTE strategy attempts to create functional bone grafts by culturing osteogenic cells on bioactive scaffolds *in vitro*. *In vitro* BTE has observed tremendous growth and evolved to a sophisticated level in bioreactor design, scaffold engineering, and long-term tissue construct maintenance ([Fig. 1](#f0005){ref-type="fig"}A). However, this methodology does not consider the functional elements of the regenerative environment, including immune, nervous, and hormonal systems, which play crucial roles in tissue regeneration and organ development. Furthermore, diffusion, vascularization, and neurotization challenges are the major obstacles in BTE. Although *in vitro* bioreactors have been successfully designed to mimic the *in vivo* microenvironment by precise control of these regeneration-related parameters ([@bb0380]), recapitulating the true *in vivo* conditions under *ex vivo* circumstances is difficult. Therefore, after an *in vitro* engineered bone graft is transplanted into the body, it lacks its own vascular and nerve networks to support cell survival and matrix synthesis and thus must rely on the ingrowth of neo-vascular structures from its surroundings, resulting in limited long-term outcomes in clinical therapeutic studies.

An emerging trend to circumvent these problems is following the *in vivo* bioreactor (IVB) principle, which uses the body as a bioreactor to cultivate the traditional triad (scaffolds, cells, growth factors) and to leverage the body\'s own self-regenerative capacity to regenerate new tissue ([Fig. 1](#f0005){ref-type="fig"}B). A key advantage of the IVB strategy is that the body can offer a constant stream of stem cells to create a regenerative niche and native signals for tissue growth ([Fig. 2](#f0010){ref-type="fig"}). Furthermore, the IVB approach often bypasses excessive manipulation of cells and growth factors during *ex vivo* culture, thus ensuring that the cells retain their functional properties. Recent preclinical and clinical investigations of bone graft prefabrication following the IVB principle have shown promising results and demonstrated efficacy in the reconstruction of large volume bone defects.

A growing body of work and the significant promise of IVB strategies for bone regeneration have motivated the preparation of the current review, in which we introduce the concept of bone graft prefabrication following the IVB principle, discuss different types of IVB strategies, and summarize the current experimental and clinical experiences in bone defect reconstruction using prefabricated bone grafts. Finally, we highlight the bottlenecks of clinical translation of this concept and outline future trends in bone graft prefabrication.

2. Bone Graft Prefabrication Following the IVB Principle: Basic Considerations {#s0025}
==============================================================================

2.1. Prefabrication: A Bridge between Reconstructive Surgery and Regenerative Medicine {#s0030}
--------------------------------------------------------------------------------------

Flap prefabrication is one of the most exciting areas in plastic surgery because of its bridging role between conventional reconstructive surgery and tissue engineering. Prefabrication is a surgical term that was first introduced by Shen ([@bb0535]) and that describes the implantation of a vascular pedicle into a new territory, followed by a neovascularization period and subsequent tissue transfer based on its implanted pedicle ([Fig. 3](#f0015){ref-type="fig"}A). Prefabrication allows any defined tissue volume to be transferred to any specified recipient site, greatly expanding the armamentarium of reconstructive options ([@bb0515]). Interestingly, this term seems to have "off-label" uses in the literature. For instance, by implantation of an avascular construct, such as a three-dimensional (3D) auricular cartilage construct ([@bb0460]) or a tracheal allograft ([@bb0465]), into a vascular territory for a period, the avascular construct would be revascularized and could be transferred as a composite flap for tissue defect reconstruction ([Fig. 3](#f0015){ref-type="fig"}B). This procedure has also been given the surgical term "prelamination". However, the core concept of prefabrication and prelamination is based on the revascularization phenomenon: from the implanted vascular pedicle to the avascular receipt territory or from the vascular host territory to the implanted avascular construct ([@bb0360], [@bb0530]). Using the prefabrication or prelamination technique, other tissue, including a vascularized bone flap ([@bb0115]), a piece of beating cardiac muscle ([@bb0320]), or a functional neo-endocrine organ ([@bb0085]), can be artificially regenerated with the desired size and shape to fit any defect. Gradually, the definition and value of prefabrication have been significantly expanded in clinical practice ([@bb0490]). Thus, the current generalized definition of prefabrication should include not only revascularization and prelamination but also regeneration, which will lead to a new technique for tissue regeneration ([Fig. 3](#f0015){ref-type="fig"}C).

2.2. Basic Principles of the IVB Strategy {#s0035}
-----------------------------------------

The term "*in vivo* bioreactor" was first coined in 2005 by two independent studies ([@bb0235], [@bb0420]) in which the periosteum or vascular pedicle was demonstrated to act as a bioreactor to successfully induce new bone formation. To date, the IVB concept has been applied in a series of experimental and clinical studies to induce the regeneration of various tissues. In these studies, to take advantage of the body\'s intrinsic self-regenerative capability, the traditional triad elements or a combination thereof are cultivated using the body as a bioreactor at the damage site or within ectopic sites capable of supporting neo-tissue formation. After a period of *in vivo* cultivation, functional tissues or organs are regenerated and can be used for tissue defect reconstruction. Although the study models and designs entirely differ from each other, the basic principles of an IVB strategy are similar: choose an appropriate anatomical site for providing a regenerative microenvironment, and seek an optimal combination of the traditional triad elements to serve as structural and logistical templates for tissue formation.

The combination of the IVB principle and surgical prefabrication techniques represents a new strategy for tissue regeneration. The IVB principle provides a regenerative niche to create new tissue and surgical prefabrication techniques allow the regenerated tissue to be transferred as prefabricated flap for optimal reconstruction. Bone graft prefabrication following the IVB principle can ideally eliminate the previously described limitations of *in vitro* BTE. Specifically, the *in vitro* expansion and seeding of cells can be modified by chemotaxis of pluripotent stem or progenitor cells from the surrounding tissue or blood circulation system, the biochemical molecular signals can be replaced by autologous growth factors as well as other supportive stimuli, and a neurovascular network supplying the regenerated tissue can be recreated *in situ*, allowing later transplantation of the vascularized neo-tissue or organoid to the desired site. All these components can contribute to the *in vivo* niche, helping to determine the ultimate functional outcome.

2.3. IVB Types: Basic Characteristics {#s0040}
-------------------------------------

Anatomically, the IVB is not only a vascular territory but also a regenerative niche for vascularization, regeneration, and remodeling of the prefabricated bone grafts. The most important consideration for an IVB strategy is the tissue type surrounding the bioreactor, which may directly affect interactions with the implanted construct, the recruitment of autologous cells, the reestablishment of a neurovascular network, and the final results of bone graft prefabrication. The location of the IVB is also crucial for the regeneration and clinical application of bone grafts. Orthotopic prefabrication of bone grafts allows direct reconstruction of the bone defect without secondary bone graft transfer surgery. However, in many cases, the bone defect site cannot provide a sufficient regenerative microenvironment because of chronic infection, radiation treatment, or excessive degeneration. Under such conditions, prefabrication of bone grafts at an ectopic site is an alternative option. An adequate ectopic site can provide adequate conditions for cellular colonization, vascularization, physical stimulation, and easy access for surgical operation.

### 2.3.1. Subcutaneous Pocket {#s0045}

The subcutaneous pocket is the simplest model of all IVB strategies for bone graft prefabrication and has been widely used in ectopic bone formation models ([@bb0245], [@bb0250]). Only reports that aimed to regenerate bone grafts following the IVB principle are included in this review. Generally, the subcutaneous pocket is an artificially created space between the superficial and deep subcutaneous fascia, which is a non-osseous environment. This space provides regenerative cues for complex bone graft prefabrication. Using this approach, bone grafts with complex tissue phenotypes and custom-made shapes have been successfully prefabricated in the laboratory ([@bb0295]). Surgically, the most important considerations for the subcutaneous pocket strategy are technical. The subcutaneous pocket approach is advantageous as (1) a wide range of anatomical locations can be chosen, (2) implantation in the donor site and transplantation to the recipient site can be performed easily, and (3) donor site morbidity and complications are minimized. However, the current available subcutaneous implantation site for bone formation is a relatively avascular territory without abundant blood flow in comparison to other IVB strategies. Therefore, subcutaneous pockets lack natural osteogenic and angiogenic stem cells, growth factors, and hormones that are required during bone regeneration.

### 2.3.2. Muscular Pouch or Flap {#s0050}

Muscle tissue has a rich capillary and nerve network and can be used as an IVB for bone graft prefabrication. As a model for the IVB strategy, muscle tissue is usually used to wrap the scaffold in the form of an intramuscular pouch or a pedicled flap to induce ectopic neurovascularization and bone regeneration. This strategy was first reported in 1991 when Khouri et al. placed thigh adductor muscle island flaps and allogenic demineralized bone matrix (DBM) in silicone rubber molds. After a 10-day *in vivo* cultivation period, the muscular flaps transformed into cancellous bone grafts shaped identically to the mold ([@bb0270]). Since this technique was first reported, it has developed rapidly and been well investigated in subsequent studies. To date, in addition to numerous experimental studies, at least 4 clinical papers have reported promising results for bone graft prefabrication using a muscular pouch or flap as an IVB ([@bb0475], [@bb0230], [@bb0315], [@bb0285]).

One of the most important advantages for the muscular strategy is that muscle provides plenty of native skeletal progenitor cells that can be differentiated into bone cells. Therefore, even without the transplantation of exogenous osteoprogenitor/stem cells, regeneration of large volume bone tissue can be achieved in an intramuscular environment ([@bb0305]). Another critical advantage of this approach is the presence of bone-forming molecules that spread out from the site of muscle injury and lead to natural upregulation of osteogenic signals, including BMPs, transforming growth factor-beta 1 (TGF-β~1~), and insulin-like growth factor 1 (IGF-1) ([@bb0395]).

### 2.3.3. Periosteal Flap {#s0055}

Periosteum is a thin but highly vascularized and innervated tissue with a bilayer structure: the outer fibrous layer contains fibroblasts dispersed between collagen fibers and is thought to serve a primarily structural role, whereas the inner cambium layer consists primarily of skeletal progenitor cells and osteoblasts that possess a remarkable capacity to allow appositional bone growth as well as cortical bone modeling and remodeling. In light of these findings, surgeons have harnessed this osteogenic capacity in bone graft prefabrication research to induce bone formation. In the periosteal flap strategy, a periosteal flap is used to wrap the tissue-engineered construct or to cover the chamber containing the tissue-engineered construct. Therefore, the periosteum-construct composite forms an IVB to provide pluripotent cells and bimolecular signals for the process of bone formation, which finally results in a wound-healing response within the space and culminates in neo-bone formation as opposed to a fibrotic scar. Several significant features of the periosteal flap indicate that it is an excellent strategy for bone graft prefabrication. First, the cambium layer of the periosteum provides a reservoir for periosteum-derived mesenchymal stem cells ([@bb0105]). Second, the periosteum can synthesize many growth factors, including BMPs, TGF-β~1~, IGF-1, vascular endothelial growth factor (VEGF), and stromal derived factor 1 ([@bb0140]). Third, implants placed in the periosteum envelope are exposed to a highly neurovascular environment and to increased blood/nerve-borne nutrients. Fourth, this strategy of wrapping the implants within a periosteal envelope utilizes the guided bone regeneration treatment concept, which has been proven safe and effective in guiding the bone regeneration process ([@bb0145]). However, the periosteal flap strategy also has limitations. One of the most important considerations is the lack of an adequate donor site to offer a large periosteal flap for the prefabrication of large or geometry-customized bone grafts.

### 2.3.4. Axial Vascular Bundle (AVB) {#s0060}

Unlike the random blood vessel pattern in the above-mentioned subcutaneous pockets and tissue flaps, the AVB strategy is an intrinsic axial osteogenesis and vascularization model for bone graft prefabrication. In this model, an artery and vein are inserted centrally within a scaffold to transport progenitor/stem cells, cytokines, oxygen, and nutrients and to remove waste products from the cells, resulting in extensive vascularization and osteogenesis of the scaffold. The result of the AVB-based prefabrication strategy is an axial pattern bone graft that can be transferred to the bone defect site as a pedicled or free flap. Many reports have described the use of superficial inferior epigastric vessels, saphenous vascular bundles, femoral vascular bundles, and perforating vessels from the thoracodorsal trunk as IVBs to prefabricate bone grafts. These promising results have demonstrated the feasibility of this strategy for use in clinical patients.

Although the AVB supplies progenitor/stem cells from the whole body, due to the small contact surface between the AVB and the scaffold, achieving a well-ossified and well-vascularized bone graft within a certain prefabrication period is difficult. An alternative solution is to envelop the scaffold within an above-mentioned tissue flap, such as a muscular flap or a periosteal flap. The combined use of the AVB and tissue flap to form an IVB is advantageous due to the utilization of two well-established bone graft prefabrication strategies. We previously prefabricated vascularized bone grafts by inserting a saphenous vascular bundle into a beta tricalcium phosphate (β-TCP) scaffold wrapped within a local muscularis membrane ([@bb0220]) or a periosteal flap ([@bb0225]). The results showed a plentiful capillary network, chondrocytes, and lamella bones in the regenerated grafts. Another challenge in clinical translation of the AVB strategy is the lack of donor AVBs. This strategy requires a long length of artery and vein located at a superficial site for use as a flap pedicle for distant transfer.

### 2.3.5. Arteriovenous Loop (AVL) {#s0065}

Inadequate adjacent arterial supply and venous outflow due either to the injury or to preexisting vascular disease may preclude the use of an AVB as an IVB. In such a case, the AVL can be employed for bone graft prefabrication. Typically, an AVL is constructed by the direct microsurgical anastomosis of an artery and a vein or by the interposition of a venous graft between an artery and a vein to form an arteriovenous fistula. The AVL is then placed inside a chamber containing a scaffold to create an IVB. A perfused capillary network will sprout from a central vessel into the surroundings and remodel to generate arterioles, post-capillary venules, and venules, finally resulting in accelerated vascularization and new tissue formation ([@bb0310]). This method was first described by Erol and Spira, who successfully constructed a prefabricated skin graft in rats using an AVL between femoral vessels ([@bb0175]). Employing the AVL strategy, formation of a significant neovascular network and new tissue, such as cartilage tissue ([@bb0460]), cardiac tissue ([@bb0320]), and muscle tissue ([@bb0030]), originating from the arteriovenous fistula have been described.

The superiority of the AVL strategy over the AVB strategy in terms of both axial angiogenesis and osteogenesis has been clearly demonstrated. Compared with the AVB strategy, the AVL strategy showed a greater potential for producing capillaries and new tissue and was considered more effective for the development of vascularization and osteogenesis in bone graft prefabrication ([@bb0155]). Theoretically, three potential mechanisms are considered responsible for the accelerated angiogenesis: (1) local inflammation due to the surgical trauma on the vessels promotes the release of inflammatory factors and the development of the capillary network, (2) elevated vascular flow shear stress on the venous wall due to arterialization promotes the growth of collateral vessels and increases the number of microvessels, and (3) gradient hypoxia within the matrix leads to the upregulation of hypoxia-inducible factor 1 and the expression of several angiogenic factors. Subsequently, prevascularization of the scaffolds helps to recruit, proliferate, and differentiate progenitor/stem cells, consequently optimizing bone formation in the scaffold. However, the osteogenic capacity of the AVL also depends on the accompanying bioactive scaffold. A higher extent of vascularization but a lower yield of bone have also been observed for the AVL strategy due to faster β-TCP scaffold degradation ([@bb0510]). Scaffolds with a slower biodegradation rate, such as β-TCP/hydroxyapatite (HA) ([@bb0195]) and processed cancellous bone matrix ([@bb0015]), continue to be used for bone graft prefabrication.

In addition, the AVL strategy can be created at any surgical site and transferred as a free flap using microsurgery techniques without considering the vascular pedicle length, which greatly expands the clinical application potential of this technique. Furthermore, a modified AVL strategy in which the arteriovenous fistula is placed in a special porous chamber, allowing the connection of extrinsic vessels with intrinsic vessels over time, showed significantly increased angiogenesis and bone regeneration ([@bb0495]). Extrinsic vessels contribute to faster vascularization and finally anastomose with the intrinsic vasculature, reducing the period of bone graft prefabrication and the limitation of operative interventions using only the AVL strategy. However, this method remains highly challenging because most load-bearing bone grafts are not suited to be molded or shaped around the AVL.

3. Literature Review {#s0070}
====================

To analyze the current state of the art, we searched the PubMed Medline databases for articles published between Jan. 1, 1991, and Jan. 1, 2016, using the search terms "*in vivo* bioreactor", "*in vivo* tissue engineering", "bone tissue engineering", "bone graft prefabrication", and "bone regeneration". We included 110 publications regarding bone graft prefabrication following the IVB principle ([Fig. 4](#f0020){ref-type="fig"}). We categorized all the publications into small animal models, large animal models, and clinical studies to evaluate the safety, efficacy, and cost effectiveness of the IVB strategies. The studies published within the last 5 years are summarized in [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"}.

3.1. Small Animal Models ([Table 1](#t0005){ref-type="table"}) {#s0075}
--------------------------------------------------------------

In this review, small animal models are defined as mice, rats, and rabbits. These studies took advantage of small animals because they are inexpensive to purchase and maintain, because surgeries can easily be performed on them, and because promising results have been observed. The first study of bone graft prefabrication was performed in Lewis rats in 1991 by Khouri et al. Although the concept of bone graft prefabrication following the IVB principle was not clearly elucidated in that paper, the authors described an effective muscular flap strategy for bone graft prefabrication ([@bb0270]). This landmark study proposed the "bone transformation" concept at a clinically available level that matched the current concept of bone graft prefabrication following the IVB principle. Subsequently, bone grafts with geometric shapes and even composite tissue layers were successfully prefabricated in small animal models using different IVB strategies. However, due to the size of small animals, testing the diffusion efficacy and osteogenic and angiogenic capacities of the IVBs is difficult. Furthermore, while validating a new concept or technique in small animal models is feasible, the limitations to the prefabrication of clinically relevant bone grafts with large dimensions and precise shapes in small animal models have always been a challenge to the successful translation of experimental achievements to clinical applications.

3.2. Large Animal Models ([Table 2](#t0010){ref-type="table"}) {#s0080}
--------------------------------------------------------------

After successful results were reported for small animal models, large animal models, including sheep, mini pigs, dogs, and monkeys, were developed to verify the practicability of the IVB strategies closer to real clinical situations. Latissimus dorsi muscle, rib periosteum, and AVL are the most commonly used IVB strategies in these models. Since 1999, Terheyden and his team have reported a series of studies on bone graft prefabrication using the latissimus dorsi muscle as an IVB in mini pigs ([@bb0480], [@bb0430], [@bb0435], [@bb0440], [@bb0445]). In light of the promising results in these studies, Warnke et al. translated this strategy into a clinical patient ([@bb0475], [@bb0485]). Another extensively studied strategy in large animals is the AVL model, which has been validated in small animal models. By scaling up the AVL model, clinically approved, mechanically stable bone grafts with a significant volume were prefabricated in sheep or goat models, implying the feasibility of clinical translation in future work ([@bb0060], [@bb0055], [@bb0080]). Using the AVL strategy, Eweida et al. improved the commonly used ectopic prefabrication approach to the *in situ* prefabrication approach and tested its clinical translation possibility in goats ([@bb0185], [@bb0190], [@bb0195]). The results showed that the AVL strategy induced better vascularization at the central regions and permitted more efficient bone regeneration. This *in situ* bone graft prefabrication strategy that used the AVL strategy was also successfully translated into clinical patients with critical-sized long bone defects ([@bb0240]). Although, large animal studies have shown exciting results in prefabricating vascularized bone grafts with complex geometry and clinically relevant sizes, further efforts are required to optimize the prefabrication time, implantation location, and biomaterial application.

3.3. Clinical Cases ([Table 3](#t0015){ref-type="table"}) {#s0085}
---------------------------------------------------------

To date, only 7 scientific papers have reported 8 cases of bone defect reconstruction following the IVB principle in humans. The groundbreaking case was performed in 1990 but reported in 1999 by [@bb0335]. A female patient who suffered a subtotal mandibular defect underwent a bone graft prefabrication procedure for mandibular and total lower lip reconstruction. In this case, a mandibular-shaped osteocutaneous flap was successfully prefabricated using a thin scapular fasciocutaneous flap as an IVB and cancellous bone grafts from the iliac crest as scaffold. Although autologous bone grafts were used in this case, magnetic resonance imaging revealed excellent ossification in the flap during the prefabrication phase, indicating the capacity of new bone regeneration in the fasciocutaneous flap. This work provided important inspiration showing that prefabricating a clinically-relevant bone graft following the IVB principle was clinically possible.

The most commonly used strategy in clinical cases is the muscular pouch or flap. In total, 4 of the 7 publications used this strategy and yielded promising results. Following their initial successes using the latissimus dorsi muscle as an IVB in pigs, Warnke et al. reported the growth and transplantation of a vascularized mandible in a patient with an extended mandibular discontinuity defect ([@bb0475], [@bb0485]). In this case, an artificially created bone flap was regenerated in the latissimus dorsi muscle by implanting a well-designed scaffold. After 7 weeks, the muscle-bone flap pedicled on the thoracodorsal vessels was harvested and transferred to fill the mandibular defect. Bone scintigraphy showed active bone formation and remodeling during the prefabrication phase and after transplantation, indicating undisturbed vascular perfusion as well as survival of the induced bone cells. This patient gained both functional and esthetic mandibular reconstruction. This landmark case offered an innovative method for designing customized bone grafts and avoiding the creation of secondary bone defects. Inspirited by these promising results, researchers continued to improve the muscle strategy in clinical application. Heliotis et al. successfully transformed a HA/OP-1 composite construct into a vascularized bone graft by implanting this construct into the pectoralis major muscle in a female patient with a hemimandibular defect ([@bb0230]). This case is notable for the successful prefabrication of a bone flap without the additional use of autologous elements. The next case presented by Mesimäki et al. was a male patient who underwent hemimaxillectomy ([@bb0315]). A custom-made bone flap was prefabricated by implanting a preformed titanium cage filled with ADSCs, β-TCP, and BMP-2 into the rectus abdominis muscle. After 8 months, the prefabricated bone flap was placed into the maxillary defect and finally osseointegrated to the host maxillary bone without any adverse events. This clinical case is the first in which ectopic bone formation was produced using good manufacturing practice level ADSCs. Kokemueller et al. improved the muscular strategy by inserting an AVB from the thoracodorsal trunk into the β-TCP cylinders before intramuscular implantation ([@bb0285]). Before clinical translation, the AVB-muscle strategy showed excellent angiogenesis, ossification, and ceramic resorption inside the scaffold compared to the muscular pouch strategy in sheep. These results encouraged the authors to forgo the additional use of growth factors and to translate this strategy into patients.

The periosteal flap strategy and AVL strategy have also been applied in clinical cases. To augment mandible height during reconstruction, Cheng et al. fixed a chamber filled with morcellized autografts against the cambium layer of the rib periosteum for 8 weeks ([@bb0130]). Solid bone graft extending from the periosteum was transferred to augment the mandible height. The results revealed well-retained osseointegrated dental implants in the prefabricated bone graft until 16 months later. This case demonstrated the osteogenic and angiogenic capacity of the periosteal flap for clinical bone graft prefabrication. Recently, Horch et al. reported their successful experience with long bone defect reconstruction using the AVL strategy ([@bb0240]). For osseous reconstruction, critical-sized bone defects were filled with AVLs and morcellized autografts or β-TCP/HA. Long-term follow-up examinations showed functional osseous reconstruction without any osteosynthetic fixation. The salient results of the study were as follows: 1) this report was the first *in situ* bone prefabrication study regarding the functional reconstruction of large bone defects of extremities at mechanical loading sites, and 2) this strategy avoided the creation of significant donor-site defects and second operations. However, bone defects caused by tumor sectioning, severe trauma, chronic infection or undergoing radiation treatments are unsuitable for this strategy due to the impaired regenerative microenvironment in the surrounding tissue.

4. Discussion: Future Trends and Challenges {#s0090}
===========================================

4.1. Is the *In Vitro* Manipulation of Cells, Growth Factors, and even Scaffolds still Needed? {#s0095}
----------------------------------------------------------------------------------------------

In the traditional BTE paradigm, seed cells, growth factors, and bioscaffolds are essential elements for bone regeneration. However, *in vitro* manipulation of these elements limits clinical translation due to the diffusional challenge, insufficient vascularization, and seed cell survival. Following the IVB principle, the seed cells and growth factors can be supplied by the surrounding microenvironment or even the entire body. Lee et al. reported a proof-of-concept study, a TGF-β~3~ spatially embedded scaffold was used for homing endogenous cells to the scaffold and inducing differentiation of these cells to regenerate articular cartilage ([@bb0300]). In addition, several researchers have introduced their successful experiences in new bone regeneration achieved by only a scaffold-based *in vivo* bioreactor without exogenous cells and growth factors ([@bb0420], [@bb0205]). These studies revealed the possibility of using the human body as a living bioreactor for growth and transplant of complex tissue or organ without cell transplantation and growth factor administration.

To date, the bioscaffold seemed to be an indispensable component of bone graft prefabrication. However, a breakthrough was observed in two promising studies in which bone formation occurred in an IVB consisting of a periosteal-free graft and an omentum flap without bioscaffolds, seed cells, and growth factors ([@bb0265], [@bb0065]). Furthermore, numerous studies have demonstrated that the periosteum has the capacity to regenerate osseous-like tissue at ectopic sites without the manipulation of these exogenous elements ([@bb0120]). Similarly, heterotopic ossification, a pathophysiological phenomenon of ectopic bone formation, actually shows the body\'s bone regeneration capacity without these elements ([@bb0005]). Therefore, the regeneration of a large volume of bony tissue *in vivo* using a scaffold-free strategy may be feasible but requires considerable further development.

Theoretically, an ideal IVB strategy minimizes the use of exogenous scaffolds, seed cells, and growth factors, although many studies still use these elements to enhance bone regeneration ([@bb0255]). Current studies have focused on the local microenvironment and surgical techniques, such as searching for an adequate implantation site to maximize the body\'s own self-regenerative capacity, optimizing the prefabrication time to achieve a fine balance between bone regeneration and remodeling, and stimulating the route of differentiation undertaken by osteogenic cells ([Fig. 5](#f0025){ref-type="fig"}).

4.2. Is Current Evidence Adequate for Clinical Translation? {#s0100}
-----------------------------------------------------------

Although the experimental evidence is well established and the preliminary results from clinical studies are encouraging, several points still prevent the safe and widespread application of the IVB principle for bone graft prefabrication in humans. Functional reconstruction of bone defects requires the regenerated bone grafts to possess mechanical strength, microstructure, and function as similar to native bone tissue as possible ([@bb0215]). However, ectopically regenerated bone grafts remain hardly equivalent to the native bone tissue in histological structure. For instance, only 17% of the bone graft prefabricated in Heliotis\' clinical case was bone tissue, while the remaining tissue was 37% HA and 46% fibrovascular tissue. Finally, insufficient soft and bony tissue and high HA content in the prefabricated bone graft resulted in necrosis of the bone flap ([@bb0230]). Furthermore, the healing potential in humans differs from that in animals and occurs with various speeds in different bones. Therefore, the prefabrication time and location of different IVB strategies have not yet been defined in humans. In addition, bone defects in humans may be more complicated in terms of precise geometry and tissue phenotype than that artificially created in animal models. Although anatomically shaped bone grafts with high fidelity and corresponding tissue phenotypes have been artificially regenerated in animals, additional evidence is required regarding continued bone growth and remodeling of the transferred bone graft, osseointegration with the host bone tissue, and long-term follow-up of functional recovery.

Another major issue affecting clinical translation is that the IVB strategies for bone defect reconstruction seem to be more complex than the current clinically adopted approaches. Patients may need multiple operations to achieve predictable outcomes. Furthermore, a perfect surgical schedule, good overall health conditions, and sound cooperation between the patient and surgeons are required. Extensive efforts should be devoted to simplifying the surgical procedure and to improving the cost effectiveness of this method.

4.3. Is it Feasible to Regenerate Complex Tissues, even Whole Organs, Following the IVB Principle? {#s0105}
--------------------------------------------------------------------------------------------------

Recent results in bone graft prefabrication have offered a potential solution to functionally replace complex tissues and whole organs following the IVB principle. This task becomes more complicated when the target tissue is vascularized and composed of a hierarchical organization of heterogeneous tissues. Successful proof of the IVB principle has been shown for complex tissues such as the trachea ([@bb0450]), full-thickness skin ([@bb0170]), bladder ([@bb0050]), esophagus ([@bb0035]), and skeletal muscle ([@bb0075]); and for organs such as the liver ([@bb0540]), heart ([@bb0340]), and lung ([@bb0500]). However, the unmet clinical demands in these areas and the barriers to clinical translation in existing demonstrations are well known.

Continued challenges for prefabrication of functional complex tissues or organs will focus on solving the following issues: an adequate IVB strategy to provide a correct regenerative microenvironment, and a sophisticated bioactive scaffold for maintaining tissue microarchitecture and providing biological signals. Several studies have introduced IVB strategies for the initial regeneration of complex tissue. Choi et al. used the omentum of adult rats to cultivate a tubular scaffold seeded with full-thickness plugs of intestine ([@bb0135]). These organoid units became vascularized and formed a cyst that histologically resembled the small bowel. This model of *in vivo* maturation using the omentum as an IVB also enabled the generation of a mature neoureter composed of a well-differentiated multilayered urothelium ([@bb0045], [@bb0050]). Additionally, recent advances in the tissue decellularization technique ([@bb0010]) have established a foundation for the functional replacement of whole organs with complex tissues and microstructures. The technique removes cells from allogeneic or xenogeneic whole organs but maintains their functional architecture to produce an off-the-shelf 3D organ scaffold. The decellularized organ scaffold then serves as an inductive biological template around which the recipient rebuilds functional tissue through the recruitment of endogenous cells following the IVB principle ([@bb0040]). This impressive feat has been emulated by successful whole large organ reengineering, including the lung ([@bb0355]), liver ([@bb0455]), kidney ([@bb0100]), and limb ([@bb0260]). Another key advantage of the decellularized organ is the ready availability of an intact vascular network that can be connected to the recipient\'s vascular system by a combination of IVB strategies such as AVB and AVL. We believe the current challenges of complex tissue or whole organ prefabrication will be solved in the future by following the IVB principle and employing other technological advances.

5. Conclusion {#s0110}
=============

Comprehensively, these initial results demonstrated that the IVB strategy can be considered a highly promising approach for bone graft prefabrication and subsequent bone defect reconstruction. Although limited success has been observed in clinical cases, this strategy offers a tremendous advantage over the traditional BTE approaches and addresses several significant bottlenecks in clinical translation of BTE. Nevertheless, research in this field is ongoing, with evidence being primarily gained from preclinical studies. Before universal clinical application can be recommended, future research should aim to develop a simplified but effective approach for bone graft prefabrication and translate it to clinical use as rapidly and as safely as possible.
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![Schematic concept of flap prefabrication, flap prelamination, and tissue prefabrication. (A) Technological paradigm of traditional flap prefabrication. (B) Technological paradigm of flap prelamination. (C) Technological paradigm of tissue prefabrication following the IVB principle.](gr3){#f0015}

![(A) Published articles on bone graft prefabrication following the IVB principle from Jan. 1, 1991, to Jan. 1, 2016, on PubMed. (B) Break-down of the published articles according to IVB strategies.](gr4){#f0020}

![Further trends of bone defect reconstruction using prefabricated bone grafts.](gr5){#f0025}

###### 

Recent bone graft prefabrication studies in small animal models.

Table 1

  Reference/year         Animal model   IVB                                                                   Scaffold                                                    Seed cells                                 Growth factor
  ---------------------- -------------- --------------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------ --------------------
  [@bb0180]              Rat            Periosteal flap                                                       Bioactive glass or HA within a Gore-Tex pocket              None                                       None
  [@bb0345]              Mouse          Subcutaneous pocket                                                   PCL                                                         None                                       BMP-2
  [@bb0350]              Mouse          Subcutaneous pocket                                                   PCL                                                         None                                       BMP-2 and EPO
  [@bb0090]              Rat            AVL between FVs                                                       HA, β-TCP, and fibrin gel                                   MSCs                                       BMP-2
  [@bb0385], [@bb0390]   Mouse          Subcutaneous pocket                                                   PCL, HA, and gelatin                                        MSCs                                       None
  [@bb0505]              Mouse          Subcutaneous pocket                                                   β-TCP and CHA                                               BMSCs                                      None
  [@bb0225]              Rabbit         Tibial periosteal flap combined with AVB from SVs                     β-TCP                                                       BMSCs                                      None
  [@bb0220]              Rabbit         Muscular membrane combined with AVB from SVs                          β-TCP                                                       BMP-2-transfected BMSCs                    None
  [@bb0325]              Rat            AVB from SVs                                                          Bone allografts                                             None                                       BMP-2
  [@bb0370]              Rat            AVB from SIEVs                                                        Deep-frozen bone or lyophilized-demineralized bone          None                                       None
  [@bb0525]              Rat            AVB from SIEVs                                                        nHA-PA 66                                                   Endothelial induced ADSCs                  None
  [@bb0095]              Rabbit         AVB from FVs                                                          Fibrin matrix within an inion membrane tube                 None                                       BMP-2
  [@bb0400]              Mouse          Subcutaneous pocket                                                   Type I collagen mesh                                        Chondrogenic induced MSCs                  None
  [@bb0280]              Rabbit         AVB or subcutaneous pocket                                            Human bone allografts                                       None                                       None
  [@bb0165]              Rabbit         AVB from SVs                                                          β-TCP within a titanium cage                                BMSCs                                      None
  [@bb0410]              Rat            AVB from SIEVs                                                        PCHC                                                        BMSCs                                      VEGF
  [@bb0160]              Rabbit         AVB from SVs                                                          β-TCP within a titanium cage                                BMSCs and PRP                              None
  [@bb0155]              Rabbit         AVL between FVs                                                       Natural coral blocks wrapped with an ePTFE membrane         None                                       None
  [@bb0025]              Rat            AVL between FVs                                                       HA/β-TCP/fibrin matrix                                      None                                       None
  [@bb0365]              Rat            AVL between facial vessels                                            PLDLLA-TCP-PCL                                              Osteoblasts                                BMP-2
  [@bb0275]              Rabbit         AVB from inguinal vessels                                             PBCB                                                        Osteogenic induced ADSCs                   None
  [@bb0200]              Mouse          Subcutaneous pocket                                                   Collagen-GAG scaffolds                                      Osteogenic or chondrogenic induced hMSCs   None
  [@bb0070]              Rat            Subcutaneous pocket                                                   DBM                                                         None                                       None
  [@bb0405]              Rat            AVB from SIEVs                                                        HA                                                          BMSCs                                      None
  [@bb0330]              Rat            Fascia flap pedicled on SIEVs                                         β-TCP                                                       Osteogenic induced ADSCs                   None
  [@bb0520]              Rabbit         Femur periosteal flap pedicled on the descending artery of the knee   Irradiated bone fragment                                    None                                       None
  [@bb0470]              Rabbit         AVB from FVs                                                          β-TCP                                                       MSCs                                       None
  [@bb0150]              Rabbit         AVL between FVs                                                       Natural coral blocks wrapped with an ePTFE membrane         None                                       None
  [@bb0110]              Rabbit         AVB from FVs                                                          HA and collagen gel breads wrapped with an ePTFE membrane   MSCs                                       None
  [@bb0265]              Rabbit         Omentum flap wrapped periosteum free graft                            None                                                        None                                       None
  [@bb0020]              Rat            AVL between FVs                                                       HA/β-TCP granula                                            None                                       VEGF^165^ and bFGF

ADSC, adipose-derived stem cells; AVB, axial vascular bundle; AVL, arteriovenous loop; bFGF, basic fibroblast growth factor; BMP-2, bone morphogenetic protein 2; BMSCs, bone marrow mesenchymal stem cells; β-TCP, beta-tricalcium phosphate; CHA, coralline hydroxyapatite; DBM, demineralized bone matrix; ePTFE, expanded-polytetrafluoroethylene; EPO, erythropoietin; FVs: femoral vessels; HA, hydroxyapatite ceramic; MSCs, mesenchymal stem cells; nHA-PA 66, nano-hydroxyapatite-polyamide 66; PBCB, processed bovine cancellous bone; PCHC, porous calcium hydroxyapatite ceramic; PCL, poly-ε-caprolactone; PLDLLA, poly([l]{.smallcaps}-lactide-co-[d]{.smallcaps},[l]{.smallcaps}-lactide); SIEVs: superficial inferior epigastric vessels; SVs: saphenous vessels; VEGF, vascular endothelial growth factor.

###### 

Recent bone graft prefabrication studies in large animal models.

Table 2

  Reference/year                    Animal model   IVB                                                                               Scaffold                                                                               Seed cells           Growth factor
  --------------------------------- -------------- --------------------------------------------------------------------------------- -------------------------------------------------------------------------------------- -------------------- ----------------
  [@bb0415]                         Sheep          Muscular pouch in LDM combined with AVB from thoracodorsal trunk                  β-TCP cylinder and MBG                                                                 BMA                  None
  [@bb0425]                         Sheep          Cambium layer of rib periosteum                                                   Combination of MBG, HA, and β-TCP within a PMMA chamber                                None                 None
  [@bb0550], [@bb0555]              Monkey         Muscular pouch in LDM                                                             DFBA or CHA                                                                            None                 BMP-2
  [@bb0495]                         Sheep          AVL between SVs                                                                   NanoBone (HA) block                                                                    Autologous blood     None
  [@bb0510]                         Dog            AVL between SVs or AVB from SVs                                                   β-TCP cylinder                                                                         BMSCs                None
  [@bb0185], [@bb0190], [@bb0195]   Goat           AVL between facial vessels                                                        60% HA combined 40% β-TCP                                                              PRP                  BMP-2
  [@bb0305]                         Pig            Muscular pouch in LDM                                                             NBBM or a mixture of NBBM and autogenous bone particles within a titanium cage         None                 BMP-7 and VEGF
  [@bb0290]                         Sheep          Muscular pouch in LDM combined with AVB from thoracodorsal trunk                  β-TCP and unmodified osteogenic material from the iliac crest within a titanium cage   BMA, NCC, or BMSCs   None
  [@bb0545]                         Dog            Abdominal cavities or dorsal muscles                                              HA                                                                                     None                 None
  [@bb0125]                         Dog            Muscular pouch in LDM                                                             DBM                                                                                    BMSCs or PRP         None
  [@bb0450]                         Dog            Omentum flap wrapped periosteum-free graft                                        None                                                                                   None                 ADSCs
  [@bb0080]                         Sheep          AVL between SVs                                                                   β-TCP-HA granules                                                                      BMSCs                BMP-2
  [@bb0065]                         Dog            Omentum flap wrapped periosteum-free graft                                        None                                                                                   None                 None
  [@bb0060]                         Sheep          AVL between greater SVs                                                           PBCB construct                                                                         None                 None
  [@bb0285]                         Sheep          Muscular pouch in LDM combined with AVB from thoracodorsal trunk                  β-TCP                                                                                  BMA                  None
  [@bb0375]                         Pig            Periosteal envelope or rectus abdominis muscle with insertion of AVB from SIEVs   Processed allogeneic hemimandible                                                      ADSCs                BMP-2
  [@bb0055]                         Sheep          AVL between SVs                                                                   HA and β-TCP                                                                           None                 None

ADSC, adipose-derived stem cells; AVB, axial vascular bundle; AVL, arteriovenous loop; BMA, bone marrow aspirate; BMP-2, bone morphogenetic protein 2; BMP-7, bone morphogenetic protein 7; BMSCs, bone marrow mesenchymal stem cells; β-TCP, beta-tricalcium phosphate; CHA, coralline hydroxyapatite; DBM, demineralized bone matrix; DFBA, demineralized freeze-dried bone allograft; HA, hydroxyapatite ceramic; LDM: latissimus dorsi muscle; MBG, morcellized bone graft; NCC, nucleated cell concentrate; PBCB, processed bovine cancellous bone; PMMA, poly(methyl methacrylate); PRP, platelet-rich plasma; SIEVs: superficial inferior epigastric vessels; SVs: saphenous vessels; VEGF, vascular endothelial growth factor.

###### 

Bone graft prefabrication studies in clinical cases.

Table 3

  Reference/year         Defect treated      No. of patients                               IVB                                                                Prefabrication time              Scaffold                                                   Seed cells   Growth factor   Outcome and follow-up time
  ---------------------- ------------------- --------------------------------------------- ------------------------------------------------------------------ -------------------------------- ---------------------------------------------------------- ------------ --------------- -----------------------------------------------------------------
  [@bb0240]              Tibial defect       1                                             AVL between popliteal vessels                                      N/A (*in situ* prefabrication)   Iliac crest autografts                                     None         None            N/A; 5.5 years
  Radialis defect        1                   AVL between radial artery and cephalic vein   β-TCP and HA                                                       BMA                              None                                                       N/A; 32 mo                   
  [@bb0285]              Mandibular defect   1                                             Muscular pouch in LDM combined with AVB from thoracodorsal trunk   Over 6 mo                        β-TCP and iliac crest autografts                           BMA          None            N/A; 12 mo
  [@bb0315]              Maxillary defect    1                                             Muscular pouch in rectus abdominis muscle                          8 mo                             β-TCP within a titanium cage                               ADSCs        BMP-2           Osseointegrated without adverse events; 12 mo
  [@bb0130]              Mandibular defect   1                                             Cambium layer of iliac periosteum                                  8 wk                             Iliac crest autografts within a PMMA chamber               None         None            Increased mandible height; died of unrelated cancer after 16 mo
  [@bb0230]              Mandibular defect   1                                             Muscular pouch in pectoralis major muscle                          6.5 mo                           HA                                                         None         BMP-7           Infection and necrosis; 5 mo
  [@bb0475], [@bb0485]   Mandibular defect   1                                             Muscular pouch in LDM                                              7 wk                             BioOsss blocks within a titanium cage                      BMA          BMP-7           Infection and revision; died of cardiac arrest after 15 mo
  [@bb0335]              Mandibular defect   1                                             Thin scapular fasciocutaneous flap                                 4 mo                             Iliac crest autografts within a Dacron-polyurethane cage   None         BMP             N/A; died of recurrence after 2 years

ADSC, adipose-derived stem cells; AVB, axial vascular bundle; AVL, arteriovenous loop; BMA, bone marrow aspirate; BMP-2, bone morphogenetic protein 2; BMP-7, bone morphogenetic protein 7; β-TCP, beta-tricalcium phosphate; LDM: latissimus dorsi muscle; PMMA, poly(methyl methacrylate).
